Biogeochemical cycling of zinc is strongly influenced by sorption on birnessite minerals (layertype MnO 2 ), which are found in diverse terrestrial and aquatic environments. Zinc has been observed to form both tetrahedral (Zn 
but the reason for the occurrence of the four-coordinate Zn surface species remains unclear. We address this issue computationally using spin-polarized Density Functional Theory (DFT) to examine the Zn IV -TCS and Zn VI -TCS species. Structural parameters obtained by DFT geometry optimization were in excellent agreement with available experimental data on Zn-birnessites.
Total energy, magnetic moments, and electron-overlap populations obtained by DFT for isolated Zn IV -TCS revealed that this species is stable in birnessite without a need for Mn(III) substitution in the octahedral sheet and that it is more effective in reducing undersaturation of surface O at a Mn vacancy than is Zn VI -TCS. Comparison between geometry-optimized ZnMn 3 O 7 ·3H 2 O (chalcophanite) and the hypothetical monohydrate mineral, ZnMn 3 O 7 ·H 2 O, which contains only tetrahedral Zn, showed that the hydration state of Zn significantly affects birnessite structural stability. Finally, our study also revealed that, relative to their positions in an ideal vacancy-free MnO 2 , Mn nearest to Zn in a TCS surface complex move toward the vacancy by 0.08 -0.11 Å, while surface O bordering the vacancy move away from it by 0.16 -0.21 Å, in agreement with recent X-ray absorption spectroscopic analyses.
INTRODUCTION
Birnessite (layer-type MnO 2 ), produced mainly by bacteria and fungi, is a ubiquitous environmental nanoparticle participating in important geochemical processes, particularly metal scavenging (Tebo et al., 2004; Tonkin et al., 2004; Toner et al., 2006 , Manceau et al., 2007 Miyata et al., 2007) . Among the trace metals of major interest, Zn appears to be influenced strongly in its biogeochemical cycling by sorption on birnessite minerals found in soils, aquifers, streams, and wetlands . Detailed molecular-scale studies of sorbed Zn 2+ species have been published for chemically-and microbially-synthesized birnessite Toner et al., 2006) , natural soil and marine birnessite (Marcus et al., 2004; Manceau et al., 2007) , and Zn-Mn coprecipitates on plant roots (Lanson et al., 2008) . These studies reveal (Table 1) .
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Among the studies of Zn sorbed on birnessite summarized in Table 1 none describes a fully-characterized reference sample suitable for use as a unique Zn IV -TCS end-member. The synthetic birnessite for which Manceau et al. (2002) first reported the presence of Zn IV -TCS contained about 13 mol % Mn(III) substituted for Mn(IV) in the octahedral sheet , and the formation of Zn IV -TCS was accordingly conjectured to result from the presence of this structural Mn(III) . Similarly, the natural marine Zn-birnessite sample investigated by Marcus et al. (2004) , whose octahedrally-coordinated Zn content is at most 7 mol %, was reported to have about 10 mol % Mn(III) substituted in the octahedral sheet.
However, other birnessite samples shown to contain the Zn In the present paper, we address this conundrum theoretically using geometry optimizations based on Density Functional Theory (DFT) to examine the Zn (Koch and Holthausen, 2002; Cramer, 2003; Martin, 2004; Kohanoff, 2006) . These simulations thus complement experimental data by exploring electronic and structural details of complex systems which experimental techniques may not 5 fully elucidate. In the present case, hydrated Zn surface complexes were geometry-optimized via total energy and force minimization to provide detailed structural and electronic information about their stable groundstates. Density functional theory using plane-wave basis sets and periodic boundary conditions subject to Bloch's Theorem (Payne et al., 1992; Segall et al., 2002) is especially well-positioned to achieve accurate results for layer-type minerals through careful convergence tests performed by systematically varying the DFT components [e.g., kinetic energy cutoff, Brillouin zone sampling, and supercell size (Mattsson et al., 2005) ]. Furthermore, since a plane-wave basis set treats empty space the same as it does the atoms on a lattice, defect structures such as Mn(IV) vacancies are described without structural bias.
To validate the quality of our DFT calculations, as well as examine the stability of hexagonal Zn-Mn(IV)O 2 , we first geometry-optimized the structure of chalcophanite chalcophanite. Structural distortion of a Mn(IV) vacancy site was also investigated to understand why interatomic distances determined by X-ray absorption spectroscopy often are not compatible with those determined by X-ray diffraction, with reconciliation between the two then requiring ad hoc displacement of the surface O positions around a vacancy Villalobos et al., 2005; Lanson et al., 2008) .
COMPUTATIONAL DETAILS 6

Spin-polarized plane-wave DFT
All DFT optimizations were performed with the CASTEP code (Clark et al., 2005) , which implements DFT in a plane-wave basis set to represent wavefunctions and uses ultrasoft pseudopotentials to replace strong coulomb potentials between atomic nuclei and core electrons with weak effective potentials, thus dramatically reducing the number of plane waves required to represent wavefunctions. Under standard approximations to account for electron exchange and correlation, eigenstates and eigenvalues of the Kohn-Sham Schrödinger equations (Kohn and Sham, 1965) were solved via efficient self-consistent iterative methods including density mixing (Kresse and Furthmüller, 1996) . The CASTEP code has proven to be of very high accuracy in condensed matter studies (Milman et al., 2000) , approaching the accuracy of all-electron (AE) methods, and of high efficiency in large-scale calculations such as solid-state defect studies (Probert and Payne, 2003) .
Electron exchange and correlation were treated under the generalized gradient approximation (GGA) using Perdew, Burke, and Ernzerhof (PBE) functionals (Perdew et al., 1996) . Ultrasoft pseudopotentials (Vanderbilt, 1990) (Dudev and Lim, 2000; Zhao et al., 2006) .
The electrons in Mn ions are spin-polarized (i.e., unequal numbers of spin-up and spin-down electrons occupy the orbitals), leading to a net magnetic moment and thus magnetic coupling between Mn ions. Accordingly, to reproduce accurately the structural, electronic, and magnetic properties of Mn oxides, a spin-polarization treatment is essential in performing DFT calculations (Balachandran et al., 2003; Pask et al., 2001; Singh, 1997) Mishra and Ceder (1999) as well as with available experimental data. Antiferromagnetic alignment between octahedral sheets with ferromagnetic ordering in each sheet was also examined as an alternative, but the total energy difference found was less than the energy variability in calculations using the chosen approach (0.005 eV/Å).
Model structures
The hexagonal unit cell reported by Post and Appleman (1988) (Gaillot et al., 2003) . This well-characterized Mn oxide has space group P6 3 /mmc and a two-layer unit cell with hexagonal lattice parameters a = 2.840 Å and c = 14.031 Å. Second, a protonated defect was (n = 3). Thus the charge deficit created by a Mn(IV) vacancy was compensated either by one Zn-TCS species and two H on the other side of the sheet or by two Zn-TCS species on both sides.
Geometry optimizations 9
Geometry optimizations were performed without imposed symmetry using the Broyden, Fletcher, Goldfarb, Shanno (BFGS) procedure (Pfrommer et al., 1997) . [The damped molecular dynamics method (Probert, 2003) was also explored, but significant improvement was not observed as compared to the BFGS method.] The energy tolerance was 5 x 10 -6 eV/atom, and the maximum tolerance for force and for atom displacement along any Cartesian component was 0.03 eV/Å and 0.0005 Å, respectively. In an effort to obtain an accurate force, low tolerance was used for the self-consistent-field electronic energy (10 -8 eV/atom).
In the geometry optimization of ZnMn 3 O 7 •3H 2 O, all internal atomic positions and lattice parameters were relaxed on a 4 x 4 x 1 k-point grid (i.e., eight k-points) for the first Brillouin zone with a 500 eV cut-off energy for the ultrasoft pseudopotentials. Convergence tests performed for the 4 x 4 x 1 k-point grid showed very high convergence of force (0.001 eV/Å or better). In addition to the total energy and force, the CASTEP code calculates the stress tensor of a model system during geometry optimization. The root-mean-square (RMS) value of the calculated stress tensor can be used to evaluate the quality of a geometry optimization, in particular for supercells, because the ideal value for a groundstate crystal geometry-optimized under zero pressure should be close to 0 GPa. In our optimized chalcophanite model, the RMS stress was only 0.002 GPa.
For Zn-TCS-MnO 2 , all internal ionic positions in the 4 x 4 x 1 supercell were relaxed with fixed lattice parameters (i.e., 11.587 Å x 11.587 Å x 14.001 Å and 90º, 90º, and 120º).
Relaxation of the lattice parameters did not affect the precision of our results in terms of the interatomic distances: the RMS stress of the optimized Zn structure with the same plane-wave cut-off energy (500 eV) and the equivalent k-point grid density (e.g., 4 x 4 x 2 k-point grid for the 2 x 2 x 1 supercell). The Zn-O distances found in these tests were 1.830 Å, 1.837 Å, and 1.839 Å for the 2 x 2 x 1, 4 x 4 x 1, and 6 x 6 x 1 supercells, respectively. Because the Zn-O distance tends to converge well for the 4 x 4 x 1 supercell, it was regarded sufficiently large to minimize the unwanted interactions between Zn-TCS-MnO 2 cells.
Magnetic moments and electron overlap population analysis
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Determining the oxidation states of Mn ions in birnessites remains an important research challenge (Kim et al., 1999; Manceau et al., 2002; Gaillot et al., 2003) . Bond valence sums ) associated with X-ray diffraction modeling (Villalobos et al., 2006) provide semi-quantitative values, but magnetic moments or orbital-projected density of states in conjunction with crystal-field theory can give better information. Population analysis, in which plane-wave eigenfunctions are projected on to pseudo-atomic basis sets using the Mulliken formalism (Mulliken, 1955) , also provides the number of electrons overlapped between ions, allowing correlation of the overlap population with the bond strength (Segall et al., 1996 (Fig. 1b) , which is consistent with the results of XRD (3.49 -3.50 Å) and EXAFS (3.52 Å) measurements.
According to the results of our optimization, structural H 2 O in chalcophanite are oriented such that one H (H1) points toward an adjacent sheet while the other H (H2) forms a H-bond with a H 2 O hydrating a neighboring Zn (Fig. 1a) . However, our current DFT/GGA method was not able to test this mainly because of the over-delocalization tendency of DFT applied to electrons in mixed valence systems (Franchini, 2007 (Villalobos et al., 2006) , biogenic Mn oxide , and natural vernadite (Manceau et al., 2007) . (Fig. 3a) ]. We found the total energy of Zn IV -TCS to be slightly lower (by 11.6 kJ/mol) than that of Zn VI -TCS (Fig. 3b) 
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CONCLUSIONS
Our DFT study provides insight into the occurrence of calculation of the relative stability would require the inclusion not only of quantum zero-point energy but also of additional thermally disordered water of hydration and the computation of accurate free energies, which lies beyond the scope of this paper.
Our geometry-optimization based on DFT has also enabled us to explore structural relaxation around Mn vacancies, a difficult task for current experimental techniques. The detailed structures of isolated Zn-TCS species and Mn vacancies in hexagonal Mn(IV)O 2 obtained by our DFT study can serve as fully-characterized end-member species of Zn-TCS to facilitate the interpretation of spectroscopic data on Zn sorbed in birnessite and thus help to achieve accurate modeling of the fate of Zn in terrestrial and aquatic environments. Table 2 for their coordinates). (±0.4) n.r. n.r. n.r. n.r.
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R:
Interatomic distance determined by EXAFS analysis; N: Number of nearest-neighbor atoms; n.r.: not reported.
*Result of double-shell EXAFS analysis. a Synthetic Zn-birnessite , structure and Zn IV content based on spectra of ZnO and chalcophanite.
b Natural marine Zn-birnessite (Marcus et al., 2004) , based on spectra of ZnBi8 a and chalcophanite.
c Bacteriogenic Zn-birnessite , based on spectra of ZnBi8 a . d Zn δ-MnO 2 , based on spectra of biomn1 c and chalcophanite.
e Birnessite coating (Manceau et al., 2007) , based on spectra of ZnBi8 a and marine nodule b sample.
f Zn-Mn coprecipitate on plant roots (Lanson et al., 2008) , based on spectra of 6KR e , chalcophanite, and Zn δ-MnO 2 d . Fig. 3a) .
b Octahedral Zn (See Fig. 3b ).
c EXAFS single-shell results for marine Zn-birnessite (Marcus et al., 2004) , in which octahedrally-coordinated Zn is at most 7 mol %. d Error in N is ± 20 %. 
